Charge traps and remote optical phonons in adjacent dielectric oxide layers reduce the electron mobility of silicon inversion layers [1] [2] [3] [4] . Similar phenomena occur in graphene field effect transistors (GFETs) supported on a substrate [5] [6] [7] . Understanding and controlling how the oxide affects electron transport is critical to achieving the promise of intrinsic graphene. Local top gating of graphene, which requires a top-gate dielectric, is essential to constructing advanced electronic device structures for both fundamental studies and practical applications [8] [9] [10] [11] [12] [13] . Several materials have been used as gate oxides in GFETs [8] [9] [10] [11] [12] [13] [14] , but little is known quantitatively about their effects on electron transport. Furthermore, the effect of oxides on transport in double-oxide structures has not been studied. Such structures are essential to advancing the study of the graphene two-dimensional electron gas.
In this Letter, we reveal the effects of remote oxide phonon (ROP) scattering on the electron mobility in double-oxide HfO 2 =graphene=SiO 2 structures, quantitatively extracting distinct contributions from both oxides. The high quality of the HfO 2 deposition enables a lowtemperature field effect mobility FE as high as $20 000 cm 2 =V s in HfO 2 -covered graphene, the highest reported so far for graphene covered by atomic layer deposition-grown oxides and comparable to that of the best pristine exfoliated graphene on substrates [15, 16] . At elevated temperatures, decreases rapidly due to ROP scattering from the SiO 2 substrate and the HfO 2 overlayer, with the low-energy modes of the HfO 2 overlayer dominating. This mechanism limits to 20 000 cm 2 =V s at 300 K.
We first fabricate conventional GFETs on SiO 2 by using mechanically exfoliated graphene [14] . HfO 2 films are then patterned and deposited on graphene by using atomic layer deposition at 110 C using two precursors: H 2 O and HfðNMe 2 Þ 4 [17] . Figure 1 shows an optical micrograph of a GFET partially covered by 30 nm of HfO 2 and an atomic force microscope image of the area between two metal contacts. In all devices, the HfO 2 film appears amorphous and smooth, growing continuously across the graphene= SiO 2 step with a step height typical of single-layer graphene [7 Å in Fig. 1(b) ]. These observations provide initial evidence of a high-quality gate oxide. We find that HfO 2 can also grow on pristine exfoliated single-layer graphene directly without a seeding layer. Films thicker than 10 nm are typically pinhole-free and show excellent morphology, with rms roughness of 2-3 Å (Fig. S1 in Ref. [17] ). In contrast, films grown on multilayer (5-6 layers) graphene sheets show much poorer coverage (Fig. S2 in Ref. [17] ), consistent with previous studies [18] [19] [20] . This observation leads us to speculate that curvature induced by the underlying SiO 2 substrate in single-layer graphene facilitates the adsorption and reaction of the precursors. Details of the growth on pristine single and multilayer graphene, as well as the assessment of a poly(methyl methacrylate) interfacial layer on graphene devices, are given in the supporting information [17] .
We determine the static dielectric constant of the HfO 2 film through its gating efficiency on graphene, obtaining C) growth [9, 21] . Top gates using 30 nm HfO 2 as the dielectric layer have a gate efficiency of $3:1 Â 10 12 cm 2 =V and can induce more than 1:5 Â 10 13 =cm 2 carriers into graphene, exceeding the range of the SiO 2 back gate ($1 Â 10 13 =cm 2 at 140 V). The high dielectric constant and excellent breakdown characteristics of HfO 2 enable large, efficient charge accumulation in graphene transistors.
Resistivity and quantum Hall measurements are performed in a He 4 cryostat with a 9 T magnet by using standard low-frequency lock-in techniques with currents of 50-100 nA. We report results on three partially covered GFET samples: A, B, and C. Figure 2 (a) plots the 4-terminal low-T sheet conductance ðV bg Þ on the HfO 2 side of these samples. The low-density field effect mobilities FE ¼ ðd=dnÞð1=eÞ are 9600, 17 000, and 11 200 cm 2 =V s [22] . These values are close to FE on the bare side of the same device: 11 500, 16 100, and 10 400 cm 2 =V s, respectively [23] [24] [25] . These mobilities exceed the best FE ¼ 8600 cm 2 =V s reported for graphene covered by atomic layer deposition-grown oxides [11, 15, 16] and are comparable to the best pristine exfoliated samples. In addition to high , HfO 2 -covered samples exhibit well-developed half-integer quantum Hall states in Ref. [17] ] similar in quality to those of pristine exfoliated graphene [26] . These observations attest to the highly homogenous electron density of our samples. Raman spectra obtained on both the bare and the HfO 2 side of the GFETs are comparable to pristine graphene, with no visible D peak [17] .
At elevated temperatures, electrons in graphene are subject to scattering by polar optical phonon modes in nearby oxide layers [1] . This mechanism is an important mobility-limiting factor in silicon transistors, especially those using high-oxides with low-energy phonon modes [3] . We measure the T-dependent resistivity ðTÞ in samples A, B, and C on both bare and HfO 2 -covered sides from 10 to 250 K [27] for carrier densities 1 Â 10 12 =cm 2 < n < 3 Â 10 12 =cm 2 . Figure 3 gives the results from sample B, plotting ðTÞ on the bare and covered side separately in (a) and (b) at several densities and together for comparison in (c) at n ¼ 3 Â 10 12 =cm 2 . From 10 to 100 K, ðTÞ increases linearly with T with the same slope, 0:1 =K, on both the bare and HfO 2 -covered sides. Previously, this linear-T dependence was attributed to longitudinal acoustic (LA) phonon scattering [5, 28] [5] .
Above 100 K, ðTÞ increases supralinearly with T on both sides of the GFET, with a steeper dependence on the HfO 2 -covered side in all samples. This rapid rise in ðTÞ was observed in graphene on SiO 2 and attributed to either remote substrate phonon scattering [5, 7] or the thermal activation of quenched ripples [6] . Our results show that the deposition of a HfO 2 overlayer consistently increases the resistance. This observation is difficult to reconcile with a quenched ripple scenario; instead, it strongly suggests the existence of a new scattering channel. We incorporate the possible contribution from remote optical phonons in the HfO 2 layer as follows:
ðT; nÞ ¼ 0 ðnÞ þ LA ðTÞ þ ROP ðT; nÞ;
where 0 ðnÞ represents the low-T residual resistivity, LA ðTÞ is the LA phonon contribution described earlier, and ROP ðT; nÞ originates from remote oxide phonon scattering. ROP ðT; nÞ is given by
where Aðk; qÞ is the matrix element for scattering between electron (k) and phonon (q) states and ! i and g i represent the frequency and coupling strength, respectively, of the ith surface optical phonon mode [1, 3, 7] . Both ! i and g i can be calculated by using the frequencies of the transverse and longitudinal optical phonon modes in the bulk oxide and the static, intermediate, and optical dielectric constants of the material [3] . On the vacuum=graphene=SiO 2 side of the GFET, two ROP modes from the SiO 2 substrate are important [5, 7] . Following the approach of Ref. [3] and using dielectric constants measured for our substrates, we obtain ! 1 ¼ 63 meV, ! 2 ¼ 149 meV, g 1 ¼ 3:2 meV, and g 2 ¼ 8:7 meV. Details of the calculation are given in the supporting information [17] .
We define a density-dependent resistivity coefficient C i ðnÞ ¼ g i R Aðk; qÞdkdq and rewrite Eq. (2) as follows:
Equations (1)- (3) provide an excellent description of ðT; nÞ on the bare side of the GFET, as shown in Fig. 3(a) . Contributions from the ! 2 mode are negligible in the temperature range studied, as expected from Eq. (2) and verified by the fits. The C 1 ðnÞ of the ! 1 mode is plotted in Fig. 4(a) for all samples. C 1 ðnÞ follows an approximate 1=n density dependence and varies less than 25% among our samples, including conventional graphene-on-SiO 2 devices not shown here. They are also in excellent agreement with values reported by Chen et al. [5] . The consistency and reproducibility of ðTÞ further supports the remote optical phonon model, since scattering from quenched ripples is likely to vary from sample to sample. We determine the frequency and coupling strength of the ROP mode in the HfO 2 film by directly measuring its infrared absorption spectra and static and optical dielectric constants [17] . In contrast to crystalline HfO 2 , which exhibits well-defined transverse and longitudinal optical phonon modes in the range 100-700 cm À1 [3] , our amorphous HfO 2 films show a broad absorption maximum centered at 320 cm À1 [17, 29] . Approximating the corresponding distribution of surface phonon modes with a single frequency ! 3 , we obtain ! 3 ¼ 54 meV. Because of the new dielectric geometry SiO 2 ð!Þ þ HfO 2 ð!Þ ¼ 0, the HfO 2 overlayer also modifies the frequency of the existing SiO 2 surface modes slightly and screens the coupling strength of the above modes. On the HfO 2 -covered side, we obtain !
, and ! 3 ¼ 54 meV, g 3 ¼ 5:7 meV (HfO 2 ). Details of the calculation are given in the supporting information [17] .
ðT; nÞ on the HfO 2 side of samples A, B, and C are fit to Eqs. (1) and (3) considering two surface phonon modes ! 0 1 and ! 3 . The two frequencies are too close to be differentiated by the fitting itself. Instead, C 0 1 ðnÞ ¼ C 1 ðnÞ=2:6 is used as input to Eq. (1) to extract C 3 ðnÞ. The fits describe the data very well, as shown in Fig. 3(b) . Figure 4(b) plots the resulting C 3 ðnÞ. Despite the approximation used to describe the HfO 2 phonons, the experimentally determined ratio C 3 ðnÞ=C 0 1 ðnÞ, which ranges from 2.5 to 5.5, agrees well with the predicted ratio g 3 =g 0 1 ¼ 4:7. The n dependence of C 1 ðnÞ and C 3 ðnÞ and the variation of C 3 ðnÞ among samples are discussed in the supporting information in the context of electron screening and the effect of a spacing layer at the graphene-oxide interface [17] . Overall, this analysis demonstrates the success of the ROP scattering model in explaining the magnitude and T dependence of ðT; nÞ in HfO 2 =graphene=SiO 2 structures. Figure 5 summarizes the magnitude of the various phonon scattering mechanisms by plotting i ðnÞ ¼ 1=ne i ðnÞ determined for each phonon channel in sample B. At 300 K, the LA phonon of graphene produces $ 1=n, which is approximately 1 Â 10 5 cm 2 =Vs at n ¼ 2 Â 10 12 =cm 2 . Surprisingly, the ROP modes of the SiO 2 substrate, while limiting to $60 000 cm 2 =V s in singleoxide devices, play a minor role in HfO 2 =graphene=SiO 2 devices due to screening from the HfO 2 overlayer, producing only $ 2 Â 10 5 cm 2 =V s. At 300 K, the ROP mode of the HfO 2 overlayer dominates the scattering and limits to approximately 20 000 cm 2 =V s. These results provide key insight into the design of graphene electronics. While high-oxides such as HfO 2 enable efficient carrier injection, their negative effect on carrier mobility must be taken into account. In conclusion, we demonstrate atomic layer deposition of high-quality HfO 2 film on graphene and report one of the highest mobility among oxide-covered GFETs, $ 10 000-20 000 cm 2 =V s. Remote surface phonons in the HfO 2 film scatter strongly at high temperature and hence limit carrier mobility in graphene to 20 000 cm 2 =V s at 300 K. Our results provide valuable insight to understand the behavior of two-dimensional electron gases in graphene and guide the design and performance optimization of graphene transistors. The methods employed here may be generalized to characterize other substrates and top-gate oxides in single-gated and double-gated FETs.
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Note added.-More recently, several studies demonstrate the essential role played by remote oxide phonons in the energy dissipation and current saturation process in graphene transistors operating at large source-drain bias [30] [31] [32] . 
